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METHODS OF FORMING SEMICONDUCTOR
PATTERNS INCLUDING REDUCED
DISLOCATION DEFECTS AND DEVICES
FORMED USING SUCH METHODS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority of U.S. Provisional Appli-
cation Ser. No. 61/884,216, entitled FORMATION OF
DEFECT-FREE EPITAXIAL LAYERS ONTO LATTICE-
MISMATCHED SUBSTRATES, filed in the USPTO on Sep.
30, 2013, and U.S. Provisional Application Ser. No. 61/923,
034, entitled FORMATION OF LARGE AREA DEFECT-
FREE AND STRESS-FREE EPITAXIAL LAYERS ONTO
LATTICE-MISMATCHED SUBSTRATES, filed in the
USPTO on Jan. 2, 2014, the disclosures of all of which are
hereby incorporated by reference in their entireties.

FIELD

The present disclosure generally relates to the field of
electronics and, more particularly, to methods of forming
integrated circuit devices.

BACKGROUND

Hetero-integration of dissimilar semiconductor materials
has been developed to improve performance of integrated
circuit devices. Hetero-integration, however, may result in
dislocation defects due to strain induced by lattice mismatch
and may not improve performance.

SUMMARY

A method of forming a semiconductor pattern may include
forming an oxide layer on a substrate, forming a recess in the
oxide layer and the substrate and forming an epitaxially
grown semiconductor pattern in the recess, which may con-
tact a sidewall of the substrate at an interface between the
oxide layer and the substrate and may define an upper surface
of a void in the recess in the substrate.

According to various embodiments, forming the epitaxi-
ally grown semiconductor pattern may include epitaxially
growing a lower semiconductor pattern defining the upper
surface of the void in the recess in the substrate using the
sidewall of the substrate at the interface between the oxide
layer and the substrate as a first seed layer and epitaxially
growing an upper semiconductor pattern in the recess using
the lower semiconductor pattern as a second seed layer.

In various embodiments, the void may expose the sidewall
of the substrate.

In various embodiments, the lower semiconductor pattern
may include a material different from the upper semiconduc-
tor pattern. The lower semiconductor pattern may include
silicon germanium (SiGe), and the upper semiconductor pat-
tern may include germanium (Ge).

According to various embodiments, the substrate may
include a first semiconductor layer and a second semiconduc-
tor layer extending between the oxide layer and the first
semiconductor layer. The second semiconductor layer may
include germanium (Ge), silicon germanium (SiGe), indium
gallium arsenide (InGaAs), or a III-V compound, and the
epitaxially grown semiconductor pattern may contact a side-
wall of the second semiconductor layer.
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In various embodiments, a thickness of the second semi-
conductor layer may be in a range of about 100 nm to about 1
pm.

In various embodiments, forming the recess may include
forming a lower portion of the recess in the substrate having
an aspect ratio greater than 3 such that the void may expose
the sidewall of the substrate.

In various embodiments, forming the recess may include
forming an upper portion of the recess through the oxide layer
having an aspect ratio greater than 1.

According to various embodiments, the method may fur-
ther include implanting oxygen ions into the substrate to form
an insulating region under the recess.

According to various embodiments, the method widening a
portion of the recess in the substrate at the interface of the
substrate and the oxide layer to form an undercut region.

A method of forming a fin-shaped semiconductor pattern
may include forming an oxide layer on a substrate, forming a
recess through the oxide layer and in the substrate and per-
forming a first epitaxial growth process to form an overhang
seed layer in the recess using a sidewall of the substrate at an
interface between the oxide layer and the substrate as a first
seed layer. The overhang seed layer may define an upper
surface of a void in the recess. The method may also include
performing a second epitaxial growth process to form a semi-
conductor pattern in the recess using the overhang seed layer
as a second seed layer and recessing the oxide layer to form
the fin-shaped semiconductor pattern by exposing an upper
portion of the semiconductor pattern.

In various embodiments, performing the first epitaxial
growth process may further include forming a bottom seed
pattern on a bottom of the recess. The overhang seed layer
may be isolated from the bottom seed pattern.

According to various embodiments, the substrate may
include a first semiconductor layer and a second semiconduc-
tor layer extending between the oxide layer and the first
semiconductor layer. The second semiconductor layer may
include germanium (Ge), silicon germanium (SiGe), indium
gallium arsenide (InGaAs), or a III-V compound, and the
recess may expose a sidewall of the second semiconductor
layer including the first seed layer.

In various embodiments, a thickness of the second semi-
conductor layer may be in a range of about 100 nm to about 1
pm.

In various embodiments, the method may further include
performing an anneal process between performing the first
and second epitaxial growth processes.

According to various embodiments, forming the recess
may include forming a lower portion of the recess in the
substrate having an aspect ratio greater than 3 such that the
void may expose the sidewall of the substrate.

In various embodiments, forming the recess may include
forming an upper portion of the recess through the oxide layer
having an aspect ratio greater than 1.

A method of forming a semiconductor layer may include
sequentially forming a semiconductor seed layer and an oxide
layer on the substrate and forming a plurality of recesses in
the oxide layer and the semiconductor seed layer. The method
may also include epitaxially growing a plurality of semicon-
ductor patterns in the respective plurality of recesses using
portions of sidewalls of the semiconductor seed layer at an
interface between the oxide layer and the semiconductor seed
layer as seed layers until upper portions of the plurality of
semiconductor patterns protrude from the respective plurality
of recesses. The plurality of semiconductor patterns may
define upper surfaces of a plurality of voids in the respective
plurality of recesses. The method may further include epitaxi-
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ally growing the semiconductor layer extending on the oxide
layer using the plurality of semiconductor patterns as seed
layers.

According to various embodiments, epitaxially growing
the plurality of semiconductor patterns may include epitaxi-
ally growing a plurality of lower semiconductor patterns
defining the upper surfaces of the respective plurality of voids
using the portions of sidewalls of the semiconductor seed
layer at the interface between the oxide layer and the semi-
conductor seed layer as the seed layers and epitaxially grow-
ing a plurality of upper semiconductor patterns in the respec-
tive plurality ofrecesses from the respective plurality of lower
semiconductor patterns.

In various embodiments, epitaxially growing the plurality
of upper semiconductor patterns may include growing the
plurality of upper semiconductor patterns to protrude from
the respective plurality of recesses, and epitaxially growing
the semiconductor layer may include laterally growing the
plurality of upper semiconductor patterns until adjacent ones
of' the plurality of upper semiconductor patterns contact each
other.

In various embodiments, forming the plurality of recesses
may include forming lower portions of the plurality of
recesses in the semiconductor seed layer. Each of the lower
portions of the plurality of recesses may have an aspect ratio
greater than 3 such that the each of the plurality of voids may
expose the sidewalls of the semiconductor seed layer.

According to various embodiments, a thickness of the
semiconductor seed layer may be in a range of about 100 nm
to about 1 um.

An integrated circuit device including a fin-shaped semi-
conductor pattern may include an oxide layer on a substrate
and a recess in the oxide layer and the substrate. A first depth
of the recess in the substrate may be more than three times
greater than a second depth of recess in the oxide layer. The
device may also include an epitaxially grown semiconductor
pattern in the recess. The epitaxially grown semiconductor
pattern may contact a sidewall of the substrate at an interface
between the oxide layer and the substrate and may define an
upper surface of a void in the recess in the substrate. An upper
portion of the epitaxially grown semiconductor pattern may
be exposed by the oxide layer.

According to various embodiments, the substrate may
include a first semiconductor layer and a second semiconduc-
tor layer extending between the oxide layer and the first
semiconductor layer. The second semiconductor layer may
include germanium (Ge), silicon germanium (SiGe), indium
gallium arsenide (InGaAs), or a III-V compound, and the
epitaxially grown semiconductor pattern may contact a side-
wall of the second semiconductor layer adjacent of the oxide
layer.

In various embodiments, a thickness of the second semi-
conductor layer may be about in a range of about 100 nm to
about 1 pm.

In various embodiments, the recess may include a lower
portion of the recess in the substrate having an aspect ratio
greater than 3 such that the void may expose the sidewall of
the substrate.

In various embodiments, the recess may include an upper
portion of the recess through the oxide layer having an aspect
ratio greater than 1.

According to various embodiments, the device may further
include an insulating region including oxygen under the
recess.
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According to various embodiments, a portion of the recess
in the substrate adjacent to the oxide layer may have a width
greater than a portion of the recess adjacent a bottom of the
recess.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1 through 4 are cross-sectional views illustrating
intermediate structures provided in operations of forming a
semiconductor pattern according to some embodiments of the
present inventive concept.

FIG. 5 is a cross-sectional view illustrating an intermediate
structure provided in operations of forming a semiconductor
pattern according to some embodiments of the present inven-
tive concept.

FIGS. 6 through 8 are cross-sectional views illustrating
intermediate structures provided in operations of forming a
semiconductor pattern according to some embodiments of the
present inventive concept.

FIGS. 9 and 10 are cross-sectional views illustrating inter-
mediate structures provided in operations of forming a semi-
conductor layer according to some embodiments of the
present inventive concept.

FIGS. 11A and 11B are flowcharts illustrating operations
of forming a semiconductor pattern according to some
embodiments of the present inventive concept.

FIGS. 12A and 12B are flowcharts illustrating operations
of forming a semiconductor layer according to some embodi-
ments of the present inventive concept.

DETAILED DESCRIPTION

Example embodiments are described below with reference
to the accompanying drawings. Many different forms and
embodiments are possible without deviating from the spirit
and teachings of this disclosure and so the disclosure should
not be construed as limited to the example embodiments set
forth herein. Rather, these example embodiments are pro-
vided so that this disclosure will be thorough and complete,
and will convey the scope of the disclosure to those skilled in
the art. In the drawings, the sizes and relative sizes of layers
and regions may be exaggerated for clarity. Like reference
numbers refer to like elements throughout.

Example embodiments of the inventive concepts are
described herein with reference to cross-sectional illustra-
tions that are schematic illustrations of idealized embodi-
ments and intermediate structures of example embodiments.
As such, variations from the shapes of the illustrations as a
result, for example, of manufacturing techniques and/or tol-
erances, are to be expected. Thus, example embodiments of
the inventive concepts should not be construed as limited to
the particular shapes illustrated herein but include deviations
in shapes that result, for example, from manufacturing.

Unless otherwise defined, all terms (including technical
and scientific terms) used herein have the same meaning as
commonly understood by one of ordinary skill in the art to
which this invention belongs. It will be further understood
that terms, such as those defined in commonly used dictio-
naries, should be interpreted as having a meaning that is
consistent with their meaning in the context of the relevant art
and will not be interpreted in an idealized or overly formal
sense unless expressly so defined herein.

The terminology used herein is for the purpose of describ-
ing particular embodiments only and is not intended to be
limiting of the embodiments. As used herein, the singular
forms “a,” “an,” and “the” are intended to include the plural
forms as well, unless the context clearly indicates otherwise.
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It will be further understood that the terms “comprises,”
“comprising,” “includes,” and/or “including,” when used in
this specification, specity the presence of the stated features,
integers, steps, operations, elements, and/or components, but
do not preclude the presence or addition of one or more other
features, integers, steps, operations, elements, components,
and/or groups thereof.

It will be understood that when an element is referred to as
being “coupled,” “connected,” or “responsive” to, or “on,”
another element, it can be directly coupled, connected, or
responsive to, or on, the other element, or intervening ele-
ments may also be present. In contrast, when an element is
referred to as being “directly coupled,” “directly connected,”
or “directly responsive” to, or “directly on,” another element,
there are no intervening elements present. As used herein the
term “and/or” includes any and all combinations of one or
more of the associated listed items.

It will be understood that although the terms first, second,
etc. may be used herein to describe various elements, these
elements should not be limited by these terms. These terms
are only used to distinguish one element from another. Thus,
a first element could be termed a second element without
departing from the teachings of the present embodiments.

Spatially relative terms, such as “beneath,” “below,”
“lower,” “above,” “upper,” and the like, may be used herein
for ease of description to describe one element or feature’s
relationship to another element(s) or feature(s) as illustrated
in the figures. It will be understood that the spatially relative
terms are intended to encompass different orientations of the
device in use or operation in addition to the orientation
depicted in the figures. For example, if the device in the
figures is turned over, elements described as “below” or
“beneath” other elements or features would then be oriented
“above” the other elements or features. Thus, the exemplary
term “below” can encompass both an orientation of above and
below. The device may be otherwise oriented (rotated 90
degrees or at other orientations) and the spatially relative
descriptors used herein may be interpreted accordingly.

It should also be noted that in some alternate implementa-
tions, the functions/acts noted in flowchart blocks herein may
occur out of the order noted in the flowcharts. For example,
two blocks shown in succession may in fact be executed
substantially concurrently or the blocks may sometimes be
executed in the reverse order, depending upon the function-
ality/acts involved. Moreover, the functionality of a given
block of the flowcharts and/or block diagrams may be sepa-
rated into multiple blocks and/or the functionality of two or
more blocks of the flowcharts and/or block diagrams may be
at least partially integrated. Finally, other blocks may be
added/inserted between the blocks that are illustrated, and/or
blocks/operations may be omitted without departing from the
scope of the present inventive concepts.

FIGS. 1 through 4 are cross-sectional views illustrating
intermediate structures provided in operations of forming a
semiconductor pattern according to some embodiments of the
present inventive concept.

Referring to FIG. 1, operations of forming a semiconductor
pattern may include forming an oxide layer 102 on a substrate
100 and forming a recess 104. For example, the oxide layer
102 may be a silicon oxide layer, and the substrate 100 may be
a bulk silicon substrate. The recess 104 may include an upper
portion of the recess 104a in the oxide layer 102 and a lower
portion of the recess 1045 in the substrate 100.

According to FIG. 1, the operations may include perform-
ing a first epitaxial growth process to form seed patterns 106,
an overhang seed pattern 1064 and a bottom seed pattern
1065, which include a semiconductor material. The semicon-
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6

ductor material may be, for example, germanium, silicon
germanium, indium gallium arsenide, or III-V compound.
Other materials may also be used.

Epitaxial growth processes form semiconductor patterns
on a reactive surface that has dangling bonds but do not form
semiconductor patterns on an unreactive surface that does not
have dangling bonds. Accordingly, as illustrated in FIG. 1, the
first epitaxial growth process may selectively form the seed
patterns 106 on a surface of the substrate 100 in the recess 104
that is reactive and may not form semiconductor patterns on a
surface of the oxide layer 102 in the recess 104 that is not
reactive. Specifically, the overhang seed pattern 106a may be
formed using a sidewall of the recess 104 in the substrate 100
at an interface between the oxide layer 102 and the substrate
100 as a seed layer, and the bottom seed pattern 1065 may be
formed using the substrate 100 as a seed layer. It will be
understood that the sidewall of the substrate 100 at the inter-
face between the substrate 100 and the oxide layer 102 may
include a portion of the sidewall of the substrate 100 adjacent
that interface. The overhang seed pattern 106a may contact
the sidewall of the substrate 100 at the interface between the
oxide layer 102 and the substrate 100.

It will be understood that a growth rate of a semiconductor
pattern formed using the first epitaxial growth process may
decrease along a depth direction of the lower portion of the
recess 1045 because amount of reactants diffused into the
lower portion of the recess 1045 may decrease along the depth
direction. Accordingly, the overhang seed pattern 106a
formed at the interface between the oxide layer 102 and the
substrate 100 may grow fast and may inhibit diffusion of
reactants into the lower portion of the recess 1045 such that a
void may be formed in the lower portion of the recess 1045.
The void may disconnect the overhang seed pattern 106a
from the bottom seed pattern 1065 and may thus at least
partially leave a sidewall of the lower portion of the recess
1045 exposed.

Still referring to FIG. 1, the overhang seed pattern 1064 and
the bottom seed pattern 1065 may include dislocation defects
represented by straight lines, which originate from interfaces
between the substrate 100 and the seed patterns 106. Vertical
and horizontal straight lines represent respective vertical and
horizontal dislocation defects. Dislocation defects may be
generated because of the strain induced by lattice mismatch at
the interfaces between the substrate 100 and the seed patterns
106.

The bottom seed pattern 1066 may include dislocation
defects having various directions, which originate from the
interface between the substrate 100 and the bottom seed pat-
tern 1065, including vertical dislocation defects. The dislo-
cation defects in the bottom seed pattern 1065, however, may
not propagate into the overhang seed pattern 106a because the
void in the lower portion of the recess 1046 may disconnect
the overhang seed pattern 1064 and the bottom seed pattern
10654. Stated in other words, the void may reduce or minimize
communication between the overhang seed pattern 1064 and
the bottom seed pattern 1065. Accordingly, the overhang seed
pattern 106a may not include the dislocation defects originat-
ing from the interface between the substrate 100 and the
bottom seed pattern 1065 and may thus only include disloca-
tion defects originating from the interface between the sub-
strate 100 and the overhang seed pattern 106a. The overhang
seed pattern 1064 may include horizontal dislocation defects
but may not include vertical dislocation defects because of an
orientation of the interface between the substrate 100 and the
overhang seed pattern 106a.

It will be understood that aspect ratios of the upper and
lower portions of the recess 104a and 1045 can affect a shape
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and a position of the void. Accordingly, the aspect ratios of the
upper and lower portions of the recess 104a and 1045 (in
relation to one another) may be predetermined to form the
void disconnecting the overhang seed pattern 106a from the
bottom seed pattern 1065 such that propagation of the dislo-
cation defects in the bottom seed pattern 1065 into the over-
hang seed pattern 106a may be reduced or minimized.

In some embodiments, the aspect ratio of the upper portion
of'the recess 104a may be greater than 1, and the aspect ratio
of'the lower portion of the recess 1045 may be greater than 3.
In some embodiments, the upper and lower portions of the
recess 104a and 1045 may have substantially the same width,
and a depth of the lower portion of the recess 1045 may be
more than three times greater than a depth of the upper portion
of the recess 104a.

Referring now to FIG. 2, the operations may include per-
forming a second epitaxial growth process using the overhang
seed pattern 1064 as a seed layer to form a preliminary semi-
conductor pattern 108. As illustrated in the FIG. 2, horizontal
dislocation defects in the overhang seed pattern 106a may
propagate into the preliminary semiconductor pattern 108
during the second epitaxial growth process. It will be under-
stood, however, that a majority of the horizontal dislocation
defects may be trapped in the oxide layer 102 and thus an
upper portion of the preliminary semiconductor pattern 108
may not include or may be substantially free of horizontal
dislocation defects. The thickness of the oxide layer 102 may
be predetermined to form the upper portion of the recess 104a
having the aspect ratio higher than 1 such that substantially all
horizontal dislocation defects may be trapped by the oxide
layer 102.

Further, the upper portion of the preliminary semiconduc-
tor pattern 108 may not include vertical dislocation defects
because the overhang seed pattern 106a may not include
vertical dislocation defects as discussed with reference to
FIG. 1. Accordingly, the upper portion of the preliminary
semiconductor pattern 108 may not include dislocation
defects or may be substantially free of dislocation defects.

The second epitaxial growth process may be performed
until the preliminary semiconductor pattern 108 is overgrown
such that the upper portion of the preliminary semiconductor
pattern 108 protrudes from the recess 104. It will be under-
stood that the first and second epitaxial growth processes may
be performed in an in-situ manner, in which the first and
second epitaxial growth processes are performed in the same
process chamber.

The operations may include planarizing the upper portion
of'the preliminary semiconductor pattern 108 to form a semi-
conductor pattern 108a (FIG. 3) in the recess 104. For
example, an isotropic etching process or a chemical mechani-
cal polishing (CMP) process may be used for planarization. In
some embodiments, an upper portion of the oxide layer 102
may be partially removed. After planarizing the upper portion
of'the preliminary semiconductor pattern 108, upper surfaces
of the oxide layer 102 and the semiconductor pattern 108«
may be coplanar.

The operations may further include recessing the oxide
layer 102 to partially expose the upper portion of the semi-
conductor pattern 108a (FIG. 4). The oxide layer 102 may be
recessed using, for example, an etching process, which selec-
tively removes the oxide layer 102 with respect to the semi-
conductor pattern 108a. The etching process may be a dry
etching process, a wet etching process or a combination
thereof. It will be understood that the semiconductor pattern
108a may be used in an integrated circuit device, for example,
as a fin-shaped channel region in a Fin-FET (Field Effect
Transistor).
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According to FIG. 4, the operations may include implant-
ing oxygen ions into the substrate to form an insulating region
110 under the recess 104. The insulating region may be
spaced apart from an upper surface of the substrate 100 in a
range of about 50 nm to about 100 nm. A dose of oxygen ions
may be in a range of about 1-E17 atoms/cm? to about 1-E19
atoms/cm?.

FIG. 5 is a cross-sectional view illustrating an intermediate
structure provided in operations of forming a semiconductor
pattern according to some embodiments of the present inven-
tive concept. According to FIG. 5, the operations may addi-
tionally include widening an opening of the lower portion of
the recess 1045 before the first epitaxial growth process. For
example, an isotropic etching process, which selectively
removes the substrate 100 with respect to the oxide layer 102,
may be used to widen the opening of the lower portion of the
recess 1045. Widening the opening of the lower portion of the
recess 1045 may expose portions of a lower surface of the
oxide layer 102. As illustrated in FIG. 5, the portions of the
lower surface of the oxide layer 102 may additionally trap
dislocation defects originating from the interface between the
substrate 100 and the overhang seed pattern 1064.

FIGS. 6 through 8 are cross-sectional views illustrating
intermediate structures provided in operations of forming a
semiconductor pattern according to some embodiments of the
present inventive concept.

Referring to FIG. 6, operations of forming a semiconductor
pattern may include sequentially forming a semiconductor
layer 201 and an oxide layer 102 on a substrate 100. The
substrate 100 may include a material different from the semi-
conductor layer 201. For example, the substrate 100 may
include silicon and the semiconductor layer 201 may include
germanium, silicon germanium, indium gallium arsenide, or
1I-V compound. Accordingly, the semiconductor layer 201
may include various dislocation defects, represented by
straight lines in FIG. 6, because of strain induced by lattice
mismatch at an interface between the substrate 100 and the
semiconductor layer 201. It will be understood that most
vertical dislocation defects may be trapped by the oxide layer
102 and horizontal dislocation defects may propagate into a
semiconductor patterns formed later. A thickness of the semi-
conductor layer 201 may be in a range of about 100 nm to
about 1 pm. The oxide layer 102 may be, for example, a
silicon oxide layer.

Still referring to FIG. 6, the operations may include form-
ing a recess 204. The recess 204 may include an upper portion
of'the recess 104q in the oxide layer 102 and a lower portion
of the recess 2045 in the semiconductor layer 201 and the
substrate 100. In some embodiments, the lower portion of the
recess 2045 may be only in the semiconductor layer 201 and
may not expose the substrate 100.

Referring now to FIG. 7, the operations may include per-
forming a first epitaxial growth process to form seed patterns
206, an overhang seed pattern 2064 and a bottom seed pattern
2065, which include a semiconductor material. The overhang
seed pattern 206a may be formed using a sidewall of the
semiconductor layer 201 at an interface between the oxide
layer 102 and the semiconductor layer 201 as a seed layer, and
the bottom seed pattern 2065 may be formed using the sub-
strate 100 as a seed layer. It will be understood that the
sidewall of the semiconductor layer 201 at the interface
between the oxide layer 102 and the semiconductor layer 201
may include a portion of the sidewall of the semiconductor
layer 201 adjacent the interface between the oxide layer 102
and the semiconductor layer 201. The overhang seed pattern
206a may contact the sidewall of the semiconductor layer
201.
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As discussed with reference to FIG. 1, the first epitaxial
growth process may selectively form the seed patterns 206 on
surfaces of the substrate 100 and the semiconductor layer 201
because both have reactive surfaces any may not form semi-
conductor patterns on the oxide layer 102. Moreover, the first
epitaxial growth process may grow the overhang seed pattern
206a fast. Accordingly, the first epitaxial growth process may
result in a void in the lower portion of the recess 2045 under
the overhang seed pattern 206a. The void may at least par-
tially expose a sidewall of the lower portion of the recess 2045
and thus may disconnect the overhang seed pattern 206a and
the bottom seed pattern 2065.

According to FIG. 7, the overhang seed pattern 206a and
the bottom seed pattern 2065 may include dislocation defects,
represented by straight lines, originating from interfaces
between the substrate 100 and the seed patterns 206 and
interfaces between the semiconductor layer 201 and the seed
patterns 206. The overhang seed pattern 206a may include
horizontal dislocation defects but may not include vertical
dislocation defects for reasons discussed herein later.

In some embodiments, the seed patterns 206 and the semi-
conductor layer 201 may include the same semiconductor
material. Accordingly, the overhang seed pattern 206a may be
formed on a lattice matched surface such that the overhang
seed pattern 206a may not include dislocation defects origi-
nating from an interface between the semiconductor layer
201 and the overhang seed pattern 206a. As illustrated in FIG.
7, some horizontal dislocation defects originating from the
interface between the substrate 100 and the semiconductor
layer 201 may be propagated into the overhang seed pattern
206a. It will be understood, however, that a probability of
dislocation defects trapped in the overhang seed pattern 206a
may be low because the thickness of the semiconductor layer
201 is thinner than 100 nm, and accordingly a thickness of the
overhang seed pattern 206a is thinner than 100 nm. Both of
the seed pattern 206 and the semiconductor layer 201 may
include, for example, germanium, silicon germanium, indium
gallium arsenide, or 11I-V compound.

In some embodiments, the seed patterns 206 and the semi-
conductor layer 201 may include different semiconductor
materials and the overhang seed pattern 206a may thus be
strained due to lattice mismatch at the interface between the
semiconductor layer 201 and the overhang seed pattern 2064.
Accordingly, the overhang seed pattern 2064 may include
horizontal dislocation defects originating from the interface
between the semiconductor layer 201 and the overhang seed
pattern 206a in addition to horizontal dislocation defects
originating from the interface between the substrate 100 and
the semiconductor layer 201. For example, the semiconduc-
tor layer 201 may include silicon germanium and the over-
hang seed pattern 206a may include germanium. A germa-
nium concentration of the overhang seed pattern 2064 may be
tailored to form the overhang seed pattern 206a, which is
strained but not include many dislocation defects originating
from the interface the overhang seed pattern 2064 and the
semiconductor layer 201.

The bottom seed pattern 2065 may include dislocation
defects having various directions including vertical disloca-
tion defects. It will be understood that vertical dislocation
defects in the bottom seed pattern 2065 may not propagate
into the overhang seed pattern 2064 because the void discon-
nects the bottom seed pattern 2065 from the overhang seed
pattern 206a. Accordingly, the overhang seed pattern 2064
may not include vertical dislocation defects or may be sub-
stantially free of vertical dislocation defects.

Asdiscussed with reference to FIG. 1, it will be understood
that aspect ratios of the upper and lower portions of the recess
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104a and 2045 (in relation to one another) may be predeter-
mined to form the void disconnecting the overhang seed
pattern 206a from the bottom seed pattern 2065. In some
embodiments, the aspect ratio of the upper portion of the
recess 104a may be greater than 1 and the aspect ratio of the
lower portion of the recess 2045 may be greater than 3. In
some embodiments, the upper and lower portions of the
recess 104a and 2045 may have substantially the same width,
and a depth of the lower portion of the recess 2045 may be
more than three times greater than a depth of the upper portion
of the recess 104a.

The operation may additionally include an anneal process
after the overhang seed pattern 2064 is formed. The anneal
process may be performed as an in-situ process that is per-
formed in the same process chamber where the first epitaxial
growth process is performed. The anneal process may be
performed at a temperature higher than a reflow temperature
of'the overhang seed pattern 2064 to form the overhang seed
pattern 206a that substantially completely enclose an opening
of the lower portion of the recess 2045. In some embodi-
ments, the overhang seed pattern 206a may include germa-
nium and the anneal process temperature may be in a range of
about 500° C. to about 800° C. For example, an anneal pro-
cess gas may include hydrogen, nitrogen or any inert gas.

Referring now to FIG. 8, the operations may include per-
forming a second epitaxial growth process using the overhang
seed pattern 206a as a seed layer to form a preliminary semi-
conductor pattern 208. As illustrated in the FIG. 8, horizontal
dislocation defects in the overhang seed pattern 206a may
propagate into the preliminary semiconductor pattern 208
during the second epitaxial growth process. It will be under-
stood, however, that a majority of the horizontal dislocation
defects may be trapped in the oxide layer 102 because a
thickness of the oxide layer 102 may be predetermined to
form the upper portion of the recess 104a having the aspect
ratio higher than 1.

An upper portion of the preliminary semiconductor pattern
208 may thus not include horizontal dislocation defects. Fur-
ther, the upper portion of the preliminary semiconductor pat-
tern 208 may not include vertical dislocation defects because
the overhang seed pattern 206a does not include vertical
dislocation defects. Accordingly, the upper portion of the
preliminary semiconductor pattern 208 may not include dis-
location defects or may be substantially free of dislocation
defects. The second epitaxial growth process may be per-
formed until the preliminary semiconductor pattern 208 is
overgrown such that the upper portion of the preliminary
semiconductor pattern 208 may protrude from the recess 204.

After the second epitaxial growth process, the operations
may further include planarizing the upper portion of the pre-
liminary semiconductor pattern 208 to form a semiconductor
pattern and recessing the oxide layer 102, which are similar
processes to the processes discussed with reference to FIGS.
3 and 4. It will be understood that the semiconductor pattern
may be used in an integrated circuit device, for example, as a
fin-shaped channel region in a Fin-FET (Field Effect Transis-
tor).

Further, it will be understood that the operations may addi-
tionally include widening an opening of the lower portion of
the recess 2045 before performing the first epitaxial growth
process, which is a similar process to the process discussed
with reference to FIG. 5.

FIGS. 9 and 10 are cross-sectional views illustrating inter-
mediate structures provided in operations of forming a semi-
conductor layer according to some embodiments of the
present inventive concept.
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Referring to FIG. 9, operations of forming a semiconductor
layer may include sequentially forming a semiconductor seed
layer 301 and an oxide layer 302 on a substrate 100. The
substrate 100 may include a material different from the semi-
conductor seed layer 301. For example, the substrate 100 may
include silicon and the semiconductor seed layer 301 may
include germanium, silicon germanium, indium gallium ars-
enide, or III-V compound. Accordingly, the semiconductor
seed layer 301 may include various dislocation defects, rep-
resented by straight lines, originating from an interface
between the substrate 100 and the semiconductor seed layer
301.

It will be understood that only some of horizontal disloca-
tion defects originating from an interface between the sub-
strate 100 and the semiconductor seed layer 301 may propa-
gate into a semiconductor patterns formed later because most
vertical dislocation defects in the semiconductor seed layer
301 may be trapped by the oxide layer 102. A thickness of the
semiconductor seed layer 301 may be in a range of about 100
nm to about 1 um. The oxide layer 302 may be, for example,
a silicon oxide layer.

According to FIG. 9, the operations may include forming
recesses 304 in the oxide layer 302, the semiconductor seed
layer 301 and the substrate 100. Each of the recesses 304 may
include an upper portion of the recess 304q in the oxide layer
302 and a lower portion of the recess 3045 in the semicon-
ductor seed layer 301 and the substrate 100. In some embodi-
ments, the lower portion of the recess 3045 may be in the
semiconductor seed layer 301 and may not expose the sub-
strate 100.

The operations may include performing a first epitaxial
growth process, which is a similar process to the process
discussed with reference to FIG. 7, to form seed patterns 306
including a semiconductor material in the respective recesses
304. Each of the seed patterns 306 may include an overhang
seed pattern 306a and a bottom seed pattern 3065. The over-
hang seed pattern 306a may be formed using a sidewall of the
semiconductor seed layer 301 at an interface between the
oxide layer 302 and the semiconductor seed layer 301 as a
seed layer, and the bottom seed pattern 3065 may be formed
using the substrate 100 as a seed layer.

The first epitaxial growth process may result in a void in the
lower portion of the recess 3045 under the overhang seed
pattern 3064, as discussed with reference to FIG. 1. The void
may at least partially expose a sidewall of the lower portion of
the recess 3045 and thus may disconnect the overhang seed
pattern 306a from the bottom seed pattern 3064.

In some embodiments, the semiconductor seed layer 301
and the overhang seed pattern 306a¢ may include a semicon-
ductor material, for example, germanium, silicon germa-
nium, indium gallium arsenide, or III-V compound. In some
embodiments, the semiconductor seed layer 301 may include
and the overhang seed pattern 306a may include different
semiconductor materials. For example, the semiconductor
seed layer 301 may include silicon germanium and the over-
hang seed pattern 3064 may include germanium.

The overhang seed pattern 306a may include horizontal
dislocation defects originating from the interface between the
substrate 100 and the semiconductor seed layer 301. In some
embodiments, the overhang seed pattern 3064 may addition-
ally include horizontal dislocation defects originating from
the interface between the semiconductor seed layer 301 and
the overhang seed pattern 306a when the semiconductor seed
layer 301 and the overhang seed pattern 306a include difter-
ent semiconductor materials.

The bottom seed pattern 3066 may include dislocation
defects having various directions, which originate from the

10

15

20

25

30

35

40

45

50

55

60

65

12

substrate 100 and the bottom seed pattern 3065, including
vertical dislocation defects. It will be understood that vertical
dislocation defects in the bottom seed pattern 3065 may not
propagate into the overhang seed pattern 206a because the
void disconnects the bottom seed pattern 3065 and the over-
hang seed pattern 306a. Accordingly, the overhang seed pat-
tern 3064 may not include vertical dislocation defects or may
be substantially free of vertical dislocation defects.

Aspect ratios of the upper and lower portions of the recess
304 and 3045 (in relation to one another) may be predeter-
mined to form the void disconnecting the overhang seed
pattern 306a from the bottom seed pattern 3065. In some
embodiments, the aspect ratio of the upper portion of the
recess 304a may greater than 1 and the aspect ratio of the
lower portion of the recess 3045 may be greater than 3. In
some embodiments, the upper and lower portions of the
recess 304a and 3045 may have substantially the same width,
and a depth of the lower portion of the recess 3045 may be
more than three times greater than a depth of the upper portion
of the recess 304a.

It will be understood that an anneal process may be addi-
tionally performed before the first epitaxial growth process to
form the overhang seed pattern 3064 on a substantially com-
pletely lattice matched surface. A temperature of the anneal
process may be higher than a reflow temperature of the semi-
conductor seed layer 301. For example, the semiconductor
seed layer 301 may be a germanium layer and the temperature
may be in a range of about 500° C. to about 800° C. An anneal
process gas may include, for example, hydrogen, nitrogen or
any inert gas.

Further, the operations may further include an anneal pro-
cess after the first epitaxial growth process. The anneal pro-
cess may be performed as an in-situ process with respect to
the first epitaxial growth process and a anneal process tem-
perature may be higher than a reflow temperature of the
overhang seed pattern 306a to form the overhang seed pattern
306a that substantially completely encloses an opening of the
lower portion of the recess 3045. In some embodiments, the
overhang seed pattern 306a may include germanium and the
anneal process temperature may thus be in a range of about
500° C. to about 800° C. For example, an anneal process gas
may include hydrogen, nitrogen or any inert gas.

According to FIG. 9, the operations may further include
performing a second epitaxial growth process to form semi-
conductor patterns 308 in the respective recess 304. It will be
understood that majority of the horizontal dislocation defects
in the overhang seed pattern 306a may be trapped in the oxide
layer 302 during the second epitaxial growth process and thus
upper portions of the semiconductor patterns 308 may not
include horizontal dislocation defects. Further, the upper por-
tions of the semiconductor patterns 308 may not include
vertical dislocation defects because the overhang seed pat-
terns 306a may not include vertical dislocation defects.
Accordingly, the upper portions of the semiconductor pat-
terns may not include dislocation defects or may be substan-
tially free of dislocation defects. The second epitaxial growth
process may be performed until the semiconductor patterns
308 are overgrown such that the upper portions of the semi-
conductor patterns 308 protrude from the recess 304.

It will be understood that the operations may additionally
include widening an opening of the lower portion of the
recess 3045 before performing the first epitaxial growth pro-
cess, which is a similar process to the process discussed with
reference to FIG. 5.

After the second epitaxial growth process, the operations
may further include a third epitaxial growth process to form a
semiconductor layer 310 extending on the oxide layer 102
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using the plurality of preliminary semiconductor patterns 308
as seed layers (FIG. 10). The plurality of preliminary semi-
conductor patterns 308 may be laterally grown until adjacent
ones of the plurality of preliminary semiconductor patterns
308 contact each other. It will be understood that the semi-
conductor layer 310 may be a portion of a donor wafer used in
manufacturing a semiconductor on insulator, for example,
silicon on insulator (SOI), germanium on insulator (GeOI) or
1II-V compound on insulator (IIIVOI).

In some embodiments, the operations may additionally
include an anneal process after the third epitaxial growth
process to reduce grain boundaries in the semiconductor layer
310. A anneal temperature may be higher than a reflow tem-
perature of the semiconductor layer 310. For example, the
semiconductor layer 310 may be a germanium layer and the
anneal temperature may be in a range of about 500° C. to
about 800° C. An anneal process gas may include, for
example, hydrogen, nitrogen or any inert gas.

Further, a protection layer may be formed on the semicon-
ductor layer 310. The protection layer may be a silicon oxide
layer. It will be understood that a CMP process may be addi-
tionally performed on the semiconductor layer 310 before
forming the protection layer.

FIGS. 11A and 11B are flowcharts illustrating operations
of forming a semiconductor pattern according to some
embodiments of the present inventive concept. According to
FIG. 11A, the operations may include forming an oxide layer
on a substrate (Block 1102). In some embodiments, the sub-
strate may include two semiconductor layers. For example, a
lower layer of the substrate may include silicon and an upper
layer extending between the lower layer and the oxide layer
may include germanium, silicon germanium, indium gallium
arsenide, or III-V compound. The operations may include
forming a recess in the oxide layer and the substrate (Block
1104). The recess may be formed using photolithography and
etching processes. The etching process may be an anisotropic
etching process and may be wet etching process, dry etching
process or a combination thereof. Moreover, the operations
may additionally include forming an epitaxially grown semi-
conductor pattern in the recess, which may define an upper
surface of a void (Block 1106).

As discussed with reference to FIG. 1, the recess may have
an aspect ratio high enough such that the void is formed in the
recess under the epitaxially grown semiconductor pattern.
The aspect ratio of the recess may be greater than 4.

According to FIG. 11B, forming the epitaxially grown
semiconductor pattern in Block 1106 may include perform-
ing a first epitaxial growth process to form an overhang seed
pattern (Block 1106-1). As discussed with reference to FIG.
1, the first epitaxial growth process may form the overhang
seed pattern 106a using the sidewall of the substrate 100 at the
interface between the substrate 100 and the oxide layer 102 as
a seed layer, and the overhang seed pattern 1064 may define
the upper surface of the void disposed in the lower portion of
the recess 1045. The overhang seed pattern 106a may contact
the portion of the sidewall of the substrate 100 at the interface
between the substrate 100 and the oxide layer 102. It will be
understood that the sidewall of the substrate 100 at the inter-
face between the substrate 100 and the oxide layer 102 may
include a portion of the sidewall of the substrate 100 adjacent
the interface between the substrate 100 and the oxide layer
102.

Moreover, forming the epitaxially grown semiconductor
pattern in Block 1106 may include performing a second epi-
taxial growth process using the overhang seed pattern as a
seed layer to form a preliminary semiconductor pattern in the
recess (Block 1106-2). The second epitaxial growth process
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may be performed until the preliminary semiconductor pat-
tern is overgrown such that an upper portion of the prelimi-
nary semiconductor pattern may protrude from the recess. It
will be understood that the upper portion of the preliminary
semiconductor pattern may not include dislocation defects,
vertical and horizontal dislocation defects, for reasons dis-
cussed with reference to FIG. 1.

The operations may include planarizing the upper portion
of the preliminary semiconductor pattern to form the semi-
conductor pattern (Block 1106-3). After planarization, upper
surfaces of the semiconductor pattern and the oxide layer may
be coplanar.

FIGS. 12A and 12B are flowcharts illustrating operations
of forming a semiconductor layer according to some embodi-
ments of the present inventive concept. According to FIG.
12A, the operations may include forming a semiconductor
seed layer and an oxide layer on a substrate (Block 1202). The
semiconductor seed layer and the substrate may include dif-
ferent semiconductor materials and, for example, the semi-
conductor seed layer may include germanium and the sub-
strate may include silicon. The oxide layer may be, for
example, silicon oxide.

The operations may include forming recesses in the oxide
layer and the semiconductor seed layer (Block 1204). In some
embodiments, each of the recesses may be in the semicon-
ductor seed layer and in the substrate as well. In some
embodiments, each of the recess may not expose the sub-
strate. Each of the recesses may have a high aspect ratio and
may be greater than 4.

The operations may include epitaxially growing semicon-
ductor patterns in the respective recesses, which define upper
surfaces of voids in the respective recesses, for example, as
illustrate in FIG. 9 (Block 1206). Additionally, epitaxially
growing a semiconductor layer extending on the oxide layer
from the semiconductor patterns may be performed (Block
1208).

Referring now to FIG. 12B, epitaxially growing the semi-
conductor patterns may include epitaxially growing overhang
seed patterns in the respective recesses using the semicon-
ductor seed layer (Block 1206-1). The overhang seed patterns
may contact a sidewall of the semiconductor seed layer at an
interface between the semiconductor seed layer and the sub-
strate and may define the upper surfaces of respective voids in
the recesses. Further, epitaxially growing the semiconductor
patterns may be performed using the overhang seed patterns
as seed layers (Block 1206-2). The semiconductor patterns
may be overgrown such that upper portions of the semicon-
ductor patterns protrude from the recess.

The above-disclosed subject matter is to be considered
illustrative, and not restrictive, and the appended claims are
intended to cover all such modifications, enhancements, and
other embodiments, which fall within the true spirit and scope
of the inventive concept. Thus, to the maximum extent
allowed by law, the scope is to be determined by the broadest
permissible interpretation of the following claims and their
equivalents, and shall not be restricted or limited by the fore-
going detailed description.

What is claimed is:

1. A method of forming a semiconductor pattern, the
method comprising:

forming an oxide layer on a substrate;

forming a recess in the oxide layer and the substrate; and

forming an epitaxially grown semiconductor pattern in the

recess, which contacts a sidewall of the substrate at an
interface between the oxide layer and the substrate and
defines an upper surface of a void in the recess in the
substrate.
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2. The method of claim 1, wherein forming the recess
comprises forming a lower portion of the recess in the sub-
strate having an aspect ratio greater than 3 such that the void
exposes the sidewall of the substrate.

3. The method of claim 1, wherein forming the recess
comprises forming an upper portion of the recess through the
oxide layer having an aspect ratio greater than 1.

4. The method of claim 1, further comprising:

implanting oxygen ions into the substrate to form an insu-

lating region under the recess.

5. The method of claim 1, further comprising:

widening a portion of the recess in the substrate at the

interface of the substrate and the oxide layer to form an
undercut region.

6. The method of claim 1, wherein forming the epitaxially
grown semiconductor pattern comprises:

epitaxially growing a lower semiconductor pattern defin-

ing the upper surface of the void in the recess in the
substrate using the sidewall of the substrate at the inter-
face between the oxide layer and the substrate as a first
seed layer; and

epitaxially growing an upper semiconductor pattern in the

recess using the lower semiconductor pattern as a second
seed layer.

7. The method of claim 6, wherein the void exposes the
sidewall of the substrate.

8. The method of claim 6, wherein the lower semiconduc-
tor pattern comprises a material different from the upper
semiconductor pattern.

9. The method of claim 8, wherein the lower semiconduc-
tor pattern comprises silicon germanium (SiGe), and the
upper semiconductor pattern comprises germanium (Ge).

10. The method of claim 1, wherein:

the substrate comprises a first semiconductor layer and a

second semiconductor layer extending between the
oxide layer and the first semiconductor layer;

the second semiconductor layer comprises germanium

(Ge), silicon germanium (SiGe), indium gallium ars-
enide (InGaAs), or a [1I-V compound; and

the epitaxially grown semiconductor pattern contacts a

sidewall of the second semiconductor layer.

11. The method of claim 10, wherein a thickness of the
second semiconductor layer is in a range of about 100 nm to
about 1 pm.

12. A method of forming a fin-shaped semiconductor pat-
tern, the method comprising:

forming an oxide layer on a substrate;

forming a recess through the oxide layer and in the sub-

strate;

performing a first epitaxial growth process to form an

overhang seed layer in the recess using a sidewall of the
substrate at an interface between the oxide layer and the
substrate as a first seed layer, the overhang seed layer
defining an upper surface of a void in the recess;

performing a second epitaxial growth process to form a

semiconductor pattern in the recess using the overhang
seed layer as a second seed layer; and

recessing the oxide layer to form the fin-shaped semicon-

ductor pattern by exposing an upper portion of the semi-
conductor pattern.

13. The method of claim 12, wherein:

performing the first epitaxial growth process further com-

prises forming a bottom seed pattern on a bottom of the
recess; and
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the overhang seed layer is isolated from the bottom seed
pattern.

14. The method of claim 12, wherein:

the substrate comprises a first semiconductor layer and a
second semiconductor layer extending between the
oxide layer and the first semiconductor layer, the second
semiconductor layer comprising germanium (Ge), sili-
con germanium (SiGe), indium gallium arsenide (In-
GaAs), or a [1I-V compound; and

the recess exposes a sidewall of the second semiconductor
layer comprising the first seed layer.

15. The method of claim 14, wherein a thickness of the

second semiconductor layer is in a range of about 100 nm to
about 1 pm.

16. A method of forming a semiconductor layer, the

method comprising:

sequentially forming a semiconductor seed layer and an
oxide layer on the substrate;

forming a plurality of recesses in the oxide layer and the
semiconductor seed layer;

epitaxially growing a plurality of semiconductor patterns
in the respective plurality of recesses using portions of
sidewalls of the semiconductor seed layer at an interface
between the oxide layer and the semiconductor seed
layer as seed layers until upper portions of the plurality
of semiconductor patterns protrude from the respective
plurality of recesses, the plurality of semiconductor pat-
terns defining upper surfaces of a plurality of voids in the
respective plurality of recesses; and

epitaxially growing the semiconductor layer extending on
the oxide layer using the plurality of semiconductor
patterns as seed layers.

17. The method of claim 16, wherein:

forming the plurality of recesses comprises forming lower
portions of the plurality of recesses in the semiconductor
seed layer; and

each ofthe lower portions of the plurality of recesses has an
aspect ratio greater than 3 such that the each of the
plurality of voids exposes the sidewalls of the semicon-
ductor seed layer.

18. The method of claim 16, wherein a thickness of the

semiconductor seed layer is in a range of about 100 nm to
about 1 pm.

19. The method of claim 16, wherein epitaxially growing

the plurality of semiconductor patterns comprises:

epitaxially growing a plurality of lower semiconductor
patterns defining the upper surfaces of the respective
plurality of voids using the portions of sidewalls of the
semiconductor seed layer at the interface between the
oxide layer and the semiconductor seed layer as the seed
layers; and

epitaxially growing a plurality of upper semiconductor
patterns in the respective plurality of recesses from the
respective plurality of lower semiconductor patterns.

20. The method of claim 19, wherein:

epitaxially growing the plurality of upper semiconductor
patterns comprises growing the plurality of upper semi-
conductor patterns protruding from the respective plu-
rality of recesses; and

epitaxially growing the semiconductor layer comprises lat-
erally growing the plurality of upper semiconductor pat-
terns until adjacent ones of the plurality of upper semi-
conductor patterns contact each other.
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